CRM1 (also known as XPO1 and exportin 1) mediates nuclear export of hundreds of proteins through the recognition of the leucine-rich nuclear export signal (LR-NES). Here we present the 2.9 Å structure of CRM1 bound to snurportin 1 (SNUPN). Snurportin 1 binds CRM1 in a bipartite manner by means of an amino-terminal LR-NES and its nucleotide-binding domain. The LR-NES is a combined a-helical-extended structure that occupies a hydrophobic groove between two CRM1 outer helices. The LR-NES interface explains the consensus hydrophobic pattern, preference for intervening electronegative residues and inhibition by leptomycin B. The second nuclear export signal epitope is a basic surface on the snurportin 1 nucleotide-binding domain, which binds an acidic patch on CRM1 adjacent to the LR-NES site. Multipartite recognition of individually weak nuclear export signal epitopes may be common to CRM1 substrates, enhancing CRM1 binding beyond the generally low affinity LR-NES. Similar energetic construction is also used in multipartite nuclear localization signals to provide broad substrate specificity and rapid evolution in nuclear transport.
, the LR-NES may be a complex and diverse signal that needs to be described not just by the consensus sequence but also in the structural and physical context of its interactions with CRM1.
Antifungal antibiotic leptomycin B inhibits nuclear export by alkylating Cys 528 of human CRM1 (ref. 25) . It is unclear if leptomycin B sterically blocks substrate binding or if it inhibits substrate binding by a conformational change. Effective inhibition of CRM1 by leptomycin B coupled with the availability of a LR-NES sequence motif have facilitated identification of hundreds of broadly functioning CRM1 substrates 26, 27 . One such export substrate is snurportin 1 (SNUPN), which imports spliceosomal U small nuclear ribonucleoprotein particles (snRNPs) into the nucleus 28 . SNUPN contains an N-terminal importin-b (karyopherin-b)-binding domain (which is known as sIBB) and a carboxy-terminal nucleotide-binding domain (NBD) 29 . The latter binds the 59-2,2,7-terminal trimethylguanosine (m 3 G) cap of small nuclear RNAs (snRNAs) and the sIBB domain binds karyopherin-b1 (Kap-b1, also known as KPNB1 and importinb) thus importing snRNP particles into the nucleus. CRM1 recycles nuclear SNUPN back to the cytoplasm 28 . Like other export Kap-bs, CRM1 binds SNUPN and RanGTP cooperatively in the nucleus, and the CRM1-SNUPN-Ran complex is translocated through the nuclear pore complex. This ternary export complex probably forms through a stable CRM1-SNUPN binary intermediate 28 .
In the absence of atomic structures of CRM1-substrate complexes, the location of substrate-binding sites on CRM1, the physical nature of NES and its mechanism of recognition remain unknown.
Here we present the crystal structure of the CRM1-SNUPN complex. CRM1 is a ring-shaped protein and SNUPN binds the central convex surface of CRM1 by its N-terminal LR-NES and NBD. The LR-NES is a combined a-helical-extended peptide that occupies a hydrophobic groove between the outer helices of CRM1 HEAT repeats 11 and 12. The LR-NES interface explains the hydrophobic consensus and prevalence of intervening electronegative residues. The location of CRM1 Cys 528 in the hydrophobic groove indicates that leptomycin B inhibits substrate binding by the occupation of the LR-NES-binding site. The second NES epitope of SNUPN is the positively charged NBD surface that binds an acidic patch adjacent to the LR-NES groove. Multipartite recognition as observed in SNUPN may be used more generally to increase CRM1 binding beyond the usually low affinity LR-NES.
Overall structure of the CRM1-SNUPN complex The 2.9 Å CRM1-SNUPN crystal structure was solved by multiwavelength anomalous dispersion (MAD) using native full-length human CRM1 (residues 1-1071) and residues 1-342 of selenomethioninelabelled human SNUPN (Fig. 1a-c and Supplementary Table 1 ). The last 30 residues of SNUPN are dispensable for CRM1 binding ( Supplementary Fig. 1 ) 28 and SNUPN is exported in a CRM1-SNUPN-Ran complex that probably assembles through a stable CRM1-SNUPN intermediate (dissociation constant (K d ) 1.4 mM; Supplementary Fig. 2 ) 28 . The final CRM1-SNUPN model has an R free of 0.269 and an R factor of 0.239 (Supplementary Table 1 ).
CRM1 has 20 HEAT repeats (H1-H20; Fig. 1a, b) . A HEAT repeat generally contains two antiparallel helices A and B, each lining the convex and concave side of the protein. Most of repeat H1, several loops within H1-H3, H8-H9 and the last ten residues of CRM1 are not modelled owing to weak electron density. Repeats H1-H20 are arranged in a ring with H2-H5 located within 10 Å of H20. The outer and inner diameters of the CRM1 ring are approximately 90 Å and 45 Å , respectively. H1-H19 are typical two-helical HEAT repeats but H20 has three helices, H209, H20A and H20B. Helix H20B is followed by a 27-residue helix named the C-terminal or C-helix that protrudes across the plane of the ring such that its C terminus contacts B helices of H8-H12 (Fig. 1a, b) . Repeats H15-H20 adopt a similar conformation as in a C-terminal fragment of CRM1 (Protein Data Bank (PDB) accession 1W9C; Ca root mean squared deviation (r.m.s.d.) 1.57 Å ), but the C-helix was not observed in that structure 30 . Our SNUPN model includes the sIBB domain (residues 1-66) and NBD (residues 94-293). The CRM1-bound, nucleotide-free NBD is virtually identical to the isolated m 3 G-cap-bound domain (PDB accession 1XK5; Ca r.m.s.d. 0.62 Å ) 31 . In contrast, CRM1-bound sIBB is quite different from Kap-b1-bound sIBB 32, 33 . Residues 1-10 of the sIBB are helical and connected by a long loop to a-helices a2 IBB (residues 41-52) and a3 IBB (residues 60-66) (Fig. 1c) . Residues 1-17 protrude away from the protein to bind CRM1, whereas the rest of the sIBB drapes onto one face of the NBD (sIBB-NBD interaction buries 2,909 Å 2 surface area). SNUPN binds in a bipartite manner to the outer surface of CRM1 that spans H11-H14. Residues 1-16, which form NES epitope I of SNUPN, interact with H11-H12 of CRM1 (Fig. 1a) . The second binding element or NES epitope II, mostly loops surrounding the m 3 G-cap-binding site, binds outer helices of CRM1 H12-H14. There are no direct contacts between the two NES epitopes, and their interactions with CRM1 bury an area of 3,551 Å 2 . Binding of SNUPN to the outer surface of CRM1 is notable as known Kap-b-substrate interactions, including that of export Kap-b CSE1 (also known as CSE1L) (structural comparison in ref. 33) , involve inner surfaces of the karyopherins 34 . Although Ran increases the CRM1-SNUPN affinity, mutagenesis data described later and structural comparison with the CSE1-Kap60-Ran (Kap60 is also known as Srp1 and KPNA1) export complex suggest that the binary and ternary CRM1 structures are similar 33, 35 .
NES epitope I of snurportin 1 is a classical LR-NES It was previously reported that SNUPN does not have a LR-NES, and binds CRM1 through residues 1-300 (sIBB and NBD) 28 . Structural examination of the CRM1-SNUPN intermediate and sequence analysis of SNUPN show that residues 1-16 (NES epitope I) contain a previously undetected LR-NES. Residues 4-14 of segment 1-MEELSQALASSFSVSQ-16 match the w-X(1-3)-w-X(2-3)-w-X-w LR-NES consensus.
Residues 1-10 of SNUPN form an amphipathic a-helix, residues 11-14 adopt an extended conformation and beyond that, residues 15-40 form a long loop (Figs 1c, 2a and Supplementary Fig. 3 ). The LR-NES (residues 1-16) is a structurally independent module that does not contact the NBD and protrudes away from the rest of SNUPN. Its N-terminal location that immediately precedes a long loop makes it highly accessible (Fig. 1c) . Although no previous structure of this SNUPN segment is available, secondary structure prediction programs suggest that residues 2-9 are helical 36, 37 . Discovery of the LR-NES in SNUPN is further supported by complementary biochemical and cellular localization studies (see later).
Recognition of the leucine-rich NES by CRM1
The LR-NES of SNUPN binds a hydrophobic groove between CRM1 helices H11A and H12A (buried surface area 1,770 Å 2 ; Fig. 2 and Supplementary Fig. 3 ). Helices H11A and H12A are spaced farther apart (average distance between equivalent Cas is 14.5 Å ) than other neighbouring A/B helix pairs in CRM1 (average distance between equivalent Cas is 11.5 Å ), resulting in a prominent groove. This groove is wide at the N-terminal end of the A helices, gradually narrows to a bottleneck at the third helical turn of the LR-NES and continues as a narrow groove to its C-terminal end, which is capped by electrostatic interactions between Lys 534 and Glu 575 ( Fig. 2a-c) .
The highly conserved groove is lined with pockets formed by hydrophobic side chains from helices H11A, H11B and H12A (Fig. 2b, c and Supplementary Fig. 4 ). Comparison with structures of unliganded CRM1 and other CRM1-LR-NES complexes will inform on structural flexibility of the groove. SNUPN side chains Met 1, Leu 4, Leu 8, Phe 12 and Val 14 line one side of the LR-NES and are buried in the LR-NES binding groove by hydrophobic contacts with CRM1 ( Fig. 2c and Supplementary Figs 3  and 5 ). The solvent accessible face of the LR-NES helix is composed of polar residues Glu 2, Glu 3, Ser 5, Gln 6 and Ser 10. Acidic NES side chains Glu 2 and Glu 3 make electrostatic contacts with basic CRM1 side chains Lys 560 and Lys 522 that flank the hydrophobic groove (Fig. 2a, c) . Groove-flanking charged side chains on H11A and H12A also contact sIBB residues Ala 22, Tyr 31, Lys 34 and Tyr 25.
We examined interactions between the SNUPN LR-NES and CRM1 using in vitro pull-down assays, and compared them to interactions of previously identified LR-NESs. Deletion of the LR-NES helix in glutathione S-transferase (GST)-SNUPND(1-12) or double mutations of Leu 4 and Leu 8 to alanines abolished CRM1-SNUPN interactions, confirming the importance of these hydrophobic NES residues for CRM1 recognition (Fig. 3a) . Mutation of electronegative residues Glu 2, Glu 3 and Ser 11 in the NES helix also decreased CRM1 interaction, suggesting a role for polar contacts at this interface.
The isolated SNUPN LR-NES bound CRM1 in the presence of RanGTP, demonstrating sufficiency of the LR-NES in CRM1 binding. The extent and pattern of SNUPN LR-NES binding was comparable to those of LR-NESs from HIV-1 Rev and NMD3 (sequences shown in Supplementary Fig. 6 ), indicative of their relatively low affinity for CRM1 (Fig. 3b chains in the groove. This mutant also confirmed that LR-NESs bind the same hydrophobic groove in the presence and absence of RanGTP. Thus, the binary CRM1-SNUPN complex informs on interactions in the ternary CRM1-SNUPN-Ran complex. The LR-NES of SNUPN is also a functional export signal in cells. In nuclear transport competition assays in Saccharomyces cerevisiae 12 , reporter protein SV40 NLS-GFP-GFP-SNUPN(1-15) was cytoplasmic even though SV40 NLS-GFP-GFP was nuclear. Mutation of SNUPN Leu 4 and Leu 8 to alanines abolished nuclear export in both the isolated LR-NES and SNUPN (Fig. 4a). Thus, SNUPN(1-15) is a sufficient NES and Leu 4 and Leu 8 are necessary for efficient nuclear export of SNUPN. Furthermore, expression of NLS-GFP-GFP-SNUPN(1-15) in xpo1-1 (or yeast CRM1) temperature-sensitive cells 12 mislocalized the reporter to the nucleus at non-permissive temperature (Fig. 4b) , confirming that nuclear export of the SNUPN LR-NES was mediated by CRM1.
Structural and sequence features of a leucine-rich NES Available structures and secondary structure prediction of LR-NESs suggest that most LR-NESs contain helices 19 . A notable structural feature of the SNUPN LR-NES is its helix to extended structural transition, which reflects the hydrophobic pattern of the consensus (Fig. 2a) . We labelled hydrophobic positions in the SNUPN LR-NES as w0, w1, w2, w3 and w4 (consensus w1-X(2-3)-w2-X(2-3)-w3-Xw4, in which w0 is Met 1; Fig. 2b ). Hydrophobic pockets in the CRM1 groove that bind these LR-NES positions are similarly labelled. Positions w0-2 (Met 1, Leu 4 and Leu 8) are on the same side of three consecutive a-helical turns, whereas w3 and w4 (Phe 12 and Val 14) have the alternating pattern characteristic of a b strand (Fig. 2a-c) .
Several structural features of the CRM1 hydrophobic groove seem to select for the combined helix-extended LR-NES conformation. First, the hydrophobic groove is wide at one end, allowing it to accommodate the LR-NES helix (Fig. 2a, b) . Hydrophobic pockets here are appropriately spaced (5.4-6.0 Å ) to interact with hydrophobic residues on one side of an a-helix (Fig. 2b) . Second, at the third LR-NES helical turn, long CRM1 side chains Glu 529 and Lys 568 constrict the groove, necessitating a structural transition of the LR-NES to an extended conformation (Fig. 2b, c) . Unsatisfied helical carbonyls at the break, backbone carbonyl and amide of the extended segment make polar contacts with CRM1 side chains Glu 529, Lys 537 and Lys 568 (Supplementary Fig. 7) . Third, CRM1 pockets at the narrow part of the groove are spaced ,8 Å apart, matching the distance between side chains on one side of a b strand.
The CRM1 groove contains three other pockets (w19, w29 and w49) adjacent to the w0, w1, w2 and w4 pockets (Fig. 2b) . These pockets may provide further binding sites to accommodate the variety of hydrophobic side chains and hydrophobic register observed in experimentally identified LR-NESs 19, 40 . Location of the w19 pocket between the w0 and w1 pockets, and the width of the groove here may also accommodate different LR-NES backbone conformations such as bent and 3 10 helices, as well as the rare extended conformations, explaining the degeneracy observed at the N-terminal of the consensus 19 . A definite preference for glutamate, aspartate and serine residues has been observed in LR-NES positions not occupied by hydrophobic residues 19, 40 . One side of the LR-NES is exposed to solvent, explaining the presence of polar residues between the hydrophobic positions, whereas the basic surface that flanks the N-terminal half of the CRM1 groove explains the preference for acidic and electronegative residues (Fig. 2a) . Previous sequence and structural analyses of LR-NES-containing proteins suggested that the signal needs to be accessible and flexible 19 . The N-terminal location of the LR-NES and its connection by a long loop to the rest of SNUPN makes it highly accessible. It will be critical to consider accessibility and structural context of LR-NESs within whole proteins in future efforts to identify the signal. LR-NESs at the termini of proteins and those flanked by long loops are more likely to be true export signals that can be exported by CRM1.
The leptomycin B modification site Leptomycin B specifically inhibits CRM1 nuclear export [13] [14] [15] 27 . The electrophilic a,b-unsaturated d-lactone of leptomycin B covalently binds the nucleophilic sulphydryl group of Cys 528 in CRM1 by a Michael-type addition 25 . Cys 528 is located in the LR-NES binding groove (Fig. 2c) and makes van der Waals contact with SNUPN Phe 12 ( Supplementary Fig. 5 ). Therefore, covalent addition of leptomycin B to the sulphydryl of Cys 528 will block access to the LR-NESbinding site as part or the entire drug occupies the groove. Leptomycin B prevents formation of the ternary CRM1-SNUPN-Ran complex 41 . We show in Supplementary Fig. 8 that leptomycin B also prevents binary CRM1-SNUPN interaction in the absence of Ran, suggesting that the mode of LR-NES binding and inhibition is similar in the presence and absence of Ran.
The C-terminal NES epitope II of SNUPN
The interface between the NBD of SNUPN and H12-H14 of CRM1 is adjacent to the LR-NES binding groove and constitutes the second NES site of the bipartite complex (buried surface area 1,490 Å 2 ; Fig. 5a-c) . Many NBD residues at this interface are located near the empty m 3 Gcap-binding site. These include 126-VGK-128 of the b2-b3 loop, 143-TKSGYCVN-150 of the b4-b5 loop, and Arg 278 of the b10-a4 loop, which surround the nucleotide-binding site, as well as residues 178-EVNQ-181 and 221-KTKLNPF-227 on nearby b6-b7 and a2-b8 loops, respectively (Fig. 5b) . NES epitope II of SNUPN interacts with CRM1 helices H13A, H14A, H14B and intra-HEAT loops of H12 and H13. Mutations of interface residues on either protein decreased CRM1-SNUPN interactions (Supplementary Fig. 9 ). Interactions at the second NES site are mostly polar with a basic SNUPN surface complementing a CRM1 acidic interface (Fig. 5c) . Electrostatic interactions here include a salt bridge between SNUPN Lys 144 and CRM1 Asp 624, and long-range electrostatic contacts between Lys 128, Arg 129, Lys 221 and Lys 223 of SNUPN, and Asp 624, Glu 683 and Asp 681 of CRM1. The acidic CRM1 interface is only a fraction of a large acidic patch that spans the entire convex surface of repeats H13-H20 (Supplementary Fig. 10 ). Given the bipartite nature of the CRM1-SNUPN interaction and proximity of a large acidic surface to the LR-NES binding site, we speculate that many CRM1 substrates contain basic NES epitopes in addition to LR-NES. These other NES epitopes may be conformational epitopes with a basic surface like the SNUPN NBD, or may be simpler linear epitopes that are enriched with basic residues.
The HIV-1 Rev protein may be another example of a multipartite CRM1 substrate. Full-length Rev binds CRM1 100-fold more tightly than its LR-NES because of extra interactions with an adjacent basic element that contacts outer helices of H15 and H17 (refs 28,38) . These results indicate that at least one additional NES epitope of Rev interacts with the C-terminal acidic surface located next to the LR-NES binding groove of CRM1 (Supplementary Fig. 9 ). Multipartite recognition by CRM1 would increase substrate affinity beyond that of isolated LR-NESs, which generally bind weakly 21 . We have previously shown that different NLS epitopes in the multipartite PY-NLS can contribute differently to total binding energy in different substrates, and combinatorial mixing of energetically weak and strong epitopes provide a mechanism to amplify signal diversity 42 . Similarly, combination of the LR-NES with further binding epitope(s) will also allow energetic variability of individual epitopes to generate NESs that are more diverse, evolvable and tunable. Thus, similar principles of substrate recognition seem to be common for both directions of nuclear trafficking.
METHODS SUMMARY
GST-CRM1 (human, residues 1-1071) and GST-SNUPN (human, residues 1-342) were expressed separately in Escherichia coli BL21(DE3) and purified separately by affinity and gel filtration chromatography. The purified proteins were mixed and the CRM1-SNUPN complex was purified by gel filtration chromatography. Crystals of the CRM1-SNUPN complex were obtained by vapour diffusion using 8% PEG 8000, 0. For in vitro pull down assays, ,15 mg GST-SNUPN or GST-NESs proteins were immobilized on ,90 ml glutathione sepharose (GE Healthcare) and incubated with ,2.6 mM of CRM1 proteins in the presence or absence of excess RanGTP. After extensive washing, bound proteins were separated by SDS-PAGE and Coomassie stained. To determine cellular localization of SNUPN proteins, S. cerevisiae BY4741 cells expressing NLS-GFP-GFP and NLS-GFP-GFP-SNUPN pRS415 plasmids were analysed as previously described 42 . pRS416 NLS-GFP-GFP-SNUPN(1-15) was transformed into the xpo1-1 strain (plasmid KWY121; ref. 12) and BY4741 cells for the temperature-sensitive cell assay. . Iterative cycles of model building using program COOT 47 and refinement using CNS 48 and a final TLS refinement 49 2 ). In vitro binding assays. Site-directed mutagenesis of SNUPN and CRM1 were performed using the QuickChange method (Stratagene) and all constructs were sequenced. The SNUPN(1-15) NES as well as NESs of Rev and Nmd3 were generated by ligation of annealed oligonucleotides into the pGEX-Tev vector. Approximately 15 mg of immobilized GST-SNUPN or GST-NESs proteins (glutathione sepharose; GE Healthcare) were incubated with ,2.6 mM of CRM1 proteins in the presence or absence of RanGTP (fivefold molar excess). After extensive washing, bound proteins were visualized by SDS-PAGE and Coomassie staining. Isothermal titration calorimetry experiments. The CRM1-SNUPN experiment was performed twice, with 18 and 22 injections of 5 ml SNUPN(1-342) (290-386 mM) into 1.4 ml of CRM1 (12-14 mM) at 15 uC. The CRM1-Ran experiment was performed once with 22 injections of 5 ml RanGppNHp (290 mM) into 1.4 ml of CRM1 (12 mM) at 15 uC. All proteins were in buffer containing 50 mM Tris, pH 7.5, 145 mM sodium chloride, 5 mM magnesium chloride and 8% glycerol. The heat of dilution obtained from injecting a ligand into buffer was subtracted before K d and binding ratio were calculated using the ORIGIN data analysis software (Microcal, Inc.). The chi-square value for each CRM1-SNUPN experiment is relatively low (7.907 3 10 4 and 1.410 3 10 5 , respectively) indicating the quality of the fit. In addition, the error (s.d.) reported in Supplementary Fig. 2 demonstrates the reproducibility of the isothermal titration calorimetry (ITC) experiments. ITC experiments were performed at 15 uC because CRM1 was more stable at a lower temperature. The CRM1-SNUPN experiment was repeated at 23 uC the data obtained at the two temperatures are similar (K d 5 6.5 mM, DH 5 219.1 kcal mol 21 and TDS 5 212.1 kcal mol
21
). The fourfold weaker binding affinity at 23 uC probably reflects decreased stability of CRM1 at higher temperature.
In vivo localization studies. To clone the NLS-GFP-GFP and NLS-GFP-GFP-SNUPN plasmids, two GFP genes were cloned into a modified pRS415 (CEN6, ARS, LEU2 and AP R ) shuttle vector containing a 59 ADH1 promoter 50 . The SV40 NLS (PKKKRKV) was inserted upstream of the GFP genes using the Quikchange (Stratagene) method. SNUPN gene was cloned 39 of the GFP genes and GGSGG linkers were inserted by Quikchange between all four genes. The whole NLS-GFP-GFP-SNUPN(1-15) insert was also subcloned into a pRS416 (CEN6, ARS, URA3 and AP R ) shuttle vector. For the transport competition assay, BY4741 cells expressing pRS415 plasmids were grown overnight at 30 uC in SC-Leu media and analysed as previously reported 42 . For the temperature-sensitive cell assay, pRS416 NLS-GFP-GFP-SNUPN(1-15) was transformed into the xpo1-1 strain (plasmid KWY121; ref. 12 ) and BY4741 cells. Cells were grown overnight at room temperature and analysed as above. After the fluorescence was examined at room temperature, the temperature in the incubation chamber was increased to 37 uC for an hour and reporter fluorescence was examined in the same cells.
